Introduction {#s1}
============

The Bone Morphogenetic Proteins (BMPs) are members of the Transforming Growth Factor superfamily (TGF). BMPs are phytogenetically conserved proteins required for embryonic development from insects to humans. Approximately 20 BMP ligands have been identified and categorized into several subclasses. BMP-2 and BMP-4 share 92% homology and have interchangeable biological activity. BMPs are secreted proteins that signal through transmembrane serine/threonine kinases called type I and type II receptors [@pone.0061256-Nickel1]. The type I receptors are alk1, alk2 (ActR-1), alk3 (BMPR-IA), and alk6 (BMPR-IB) [@pone.0061256-Nickel1]. The type II receptors are BMPR-II and activin type II receptors ActR-II and AcR-IIB [@pone.0061256-Nickel1]. BMP receptors are promiscuous, and can be activated by several BMP ligands [@pone.0061256-Nickel1], [@pone.0061256-Lavery1]. Each BMP ligand is also capable of activating different receptors [@pone.0061256-Nickel1],[@pone.0061256-Lavery1]. Binding of the BMP ligands to the type I receptor leads to phosphorylation by the constitutively active type II receptor. The receptor complex phosphorylates Smad-1/5, which then activates the transcription of downstream target genes [@pone.0061256-Attisano1].

During embryonic development, BMPs regulates cell fate decisions, cell survival, and vasculogenesis [@pone.0061256-Pizette1], [@pone.0061256-Yang1], [@pone.0061256-Chang1], [@pone.0061256-Ying1], processes that are also common in carcinogenesis. In fact, BMP-2 is over-expressed in 98% of NSCLC and other carcinomas [@pone.0061256-Langenfeld1], [@pone.0061256-Langenfeld2]. BMP expression inversely correlates with survival [@pone.0061256-LePage1] and high expression is associated with metastatic spread [@pone.0061256-Yuen1], [@pone.0061256-Park1]. BMP-2 enhances tumor angiogenesis [@pone.0061256-Langenfeld3], [@pone.0061256-Raida1], [@pone.0061256-Rothhammer1] and stimulates tumor invasion [@pone.0061256-Langenfeld1]. Ectopic expression of BMP-2 in A549 lung cancer cells greatly enhanced metastatic growth in a murine model of lung cancer following tail vein injection [@pone.0061256-Langenfeld4]. Studies using recombinant BMP proteins or knockdown of a single BMP receptor have suggested that BMP signaling in cancer cells does not promote cell growth and may even act as a tumor suppressor (16--19). The effects of inhibiting multiple BMP receptors on cell growth and survival in cancer cells has not been examined. Therefore, the biological significance of a basally active BMP signaling cascade in cancer cells is not known.

During development the inhibitors of DNA binding/differentiation (Id) are direct mediators of BMP signaling. There are 4 Id family members (Id1, Id2, Id3, and Id4). BMP response elements (BRE) on the Id1, Id2, and Id3 promoters are activated by Smad 1/5/8 (20--23). The Id proteins inhibit lineage commitment by binding and sequestering basic HLH transcription factors [@pone.0061256-Alani1]. Id family members have been implicated in oncogenic transformation in several types of cancers [@pone.0061256-Gupta1] [@pone.0061256-Swarbrick1], [@pone.0061256-Ling1]. Id1 has been reported to regulate invasion, proliferation, survival, and the metastatic spread of cancer cells [@pone.0061256-Gupta1], [@pone.0061256-Swarbrick2], [@pone.0061256-Li1]. Id family members are frequently expressed in non-small cell lung carcinomas [@pone.0061256-Rothschild1], [@pone.0061256-Rollin1] and over-expression is associated with a shorter disease free survival [@pone.0061256-PonzSarvise1]. These studies suggest that targeting signaling pathways, which regulate the expression of Id family members may have important therapeutic implications. Although recombinant BMP2 proteins induce a transient increase in the expression of Id1 in lung cancer cells [@pone.0061256-Langenfeld1], the role of the BMP signaling cascade in regulating the basal expression levels of the Id family members in cancer cells has not been elucidated.

The aim of this study was to determine in lung cancer cell lines, which have not been stimulated with a recombinant BMP protein, whether cells have a basally active BMP signaling and determine its effect on cell growth, survival, and expression of Id family members. Selective BMP type I receptor antagonists and siRNA targeting the BMP type I receptors reveals that basally active BMP signaling in lung cancer cell lines is growth promoting and an important regulator of the expression of Id family members. BMP signaling is mediated through more than one type I BMP receptor. DMH2 caused the greatest inhibition of BMP signaling and induced the greatest reduction of cell growth and expression of Id family members.

Results {#s2}
=======

BMP Type I Receptor Antagonists Decrease Smad 1/5/8 signaling {#s2a}
-------------------------------------------------------------

Using a BMP-responsive luciferase reporter (BRE-Luc), we examined the effects of the different BMP type receptor antagonists on Smad 1/5/8 activity in H1299 cells. Dorsomorphin, DMH1, DMH2, and LDN all caused a significant decrease in the expression of the BRE-Luc reporter in H1299 cells, indicating a decrease in Smad 1/5/8 activity ([figure 1A](#pone-0061256-g001){ref-type="fig"}). Immunoblot analysis revealed that selective BMP type I receptor antagonists decrease phosphorylation of Smad 1/5/8 in H1299 and A549 cells ([figure 1B](#pone-0061256-g001){ref-type="fig"} and [figure S1](#pone.0061256.s001){ref-type="supplementary-material"}). Phosphorylation of Smad 1/5/8 was decreased within 24 hours of treatment and persisted for at least 48 hours thereafter.

![BMP type I receptor antagonists decrease Smad 1/5/8 activity in H1299 cells.\
(**A**) H1299 cells were transfected with BRE-luciferace reporter. After 48 hours the cells were treated with DMSO, 10 µM Dorsomorphin, or 1 µM DMH1, 1 µM DMH2, or 1 µM LDN for 48 hours. BRE-luciferace activity is reported as the percent of the DMSO control treated cells. Data represents the mean of 3 experiments in triplicate. The mean of the control cells was compared to the mean of the treated cells. \* p\<0.05. (**B**) Immunoblot analysis for phosphorylated Smad 1/5/8 of H1299 cells treated with 1 µM DMSO, DMH1, or DMH2 for 12, 24, and 48 hours.](pone.0061256.g001){#pone-0061256-g001}

BMP Type I Receptor Antagonists Decrease Expression of Id Family Members {#s2b}
------------------------------------------------------------------------

Quantitative RT-PCR was used to determine whether the BMP signaling cascade regulates the expression of Id family members in lung cancer cell lines. Dorsomorphin, DMH1, and DMH2 significantly decreased Id1, Id2, and Id3 expression in A549 and H1299 cell lines ([figure 2A--B](#pone-0061256-g002){ref-type="fig"}). The BMP antagonists caused a greater reduction of Id family members in the H1299 cells compared to A549 cells. By Western blot analysis, Dorsomorphin, DMH1, DMH2, and LDN caused a decrease in protein levels of Id1 and Id3 in A549 and H1299 cells ([figure 2C--D](#pone-0061256-g002){ref-type="fig"} and [figure S2](#pone.0061256.s002){ref-type="supplementary-material"}). The BMP antagonists decreased the expression of Id family members within 12 to 24 hours that persisted for at least 48 hours. DMH1 and DMH2 caused a greater reduction of Id1 in H1299 cells compared to A549 cells. DMH2 consistently caused a greater reduction of Id1 protein expression than DMH1.

![BMP antagonists decrease the expression of Id family members in A549 and H1299 cells.\
(**A--B**) Quantitative RT-PCR for Id1, Id2, and Id3 on (**A**) A549 and (**B**) H1299 cells treated with DMSO, 10 µM Dorsomorphin, 1 µM DMH1, or 1 µM DMH2 for 48 hours. Data represents the mean of at least 3 experiments performed in duplicate and presented as the percent of control treated cells. The mean of the control cells was compared to the mean of the treated cells. \* p\<0.05. (**C--D**) Western blot analysis for Id1 and Id3 on (**C**) A549 and (**D**) H1299 cells treated with 1 µM DMSO or 1 µM of selective BMP type I receptor antagonist for 12, 24, and 48 hours. These studies were performed at least 3 times.](pone.0061256.g002){#pone-0061256-g002}

Multiple BMP Type I Receptors Mediate Signaling {#s2c}
-----------------------------------------------

Next, we assessed whether a specific BMP type I receptor mediates basally active BMP signaling in lung cancer cell lines. By quantitative RT-PCR, the expression of BMP type I receptors was examined. Alk1 was not expressed in either A549 or H1299 cells ([figure 3A](#pone-0061256-g003){ref-type="fig"}). As expected, alk1 was expressed in human endothelial cells (data not shown). Alk2, alk3, and alk6 mRNA are expressed in A549 and H1299 cell lines ([figure 3A](#pone-0061256-g003){ref-type="fig"}). Using siRNA, the expression of each type I receptor was reduced by approximately 40% or greater ([figure 3B](#pone-0061256-g003){ref-type="fig"}). To test specificity of the siRNA, knockdown of each type I receptor was performed and RT-PCR performed for alk2, alk3, and alk6. Knockdown of alk2 caused a significant increase in the expression of alk6 ([figure 3C](#pone-0061256-g003){ref-type="fig"}). Knockdown of alk3 and alk6 caused a small decrease in the expression of the other type I receptors ([figure 3C](#pone-0061256-g003){ref-type="fig"}). Quantitative RT-PCR showed that silencing of alk2 or alk3 in the H1299 cells caused an approximately 20--25% decrease in the expression of Id1 mRNA ([figure 3D](#pone-0061256-g003){ref-type="fig"}), while silencing of alk6 tended to cause an increase in Id1 expression. Silencing both alk2 and alk3 caused a significantly greater decrease in Id1 expression than knockdown of either receptor alone ([figure 3D](#pone-0061256-g003){ref-type="fig"}). Western blot analysis showed that knockdown of a single type IA receptor alone did not decrease Id1 expression ([figure 3E](#pone-0061256-g003){ref-type="fig"}). Silencing of both alk2 and alk3 or silencing of alk2, alk3, and alk6 did cause a decrease in Id1 protein expression ([figure 3E](#pone-0061256-g003){ref-type="fig"}). Quantitative RT-PCR demonstrated that knockdown of multiple receptors led a decrease in all type BMP receptors, which was greater than that seen for single receptor knockdowns ([figure 3F](#pone-0061256-g003){ref-type="fig"}).

![Multiple BMP type I receptors mediate BMP signaling in lung cancer cell lines.\
(**A**) Quantitative RT-PCR of the A549 and H1299 cells showing expression of alk2, alk3, and alk6 but not alk1 (n = 3). (**B**) H1299 cells were transfected with siRNA targeting each type I BMP receptor and quantitative RT-PCR was performed for that BMP receptor. (**C**) Knockdown of each BMP type I receptor in H1299 cells was performed and quantitative RT-PCR performed for all 3 type I receptors. (**B--C**) Data represents the mean of 2 experiments performed in duplicate. (**D**) Knockdown in H1299 cells of a single BMP type I receptor or both alk2 and alk3. After 48 hours the expression of Id1 was examined by quantitative RT-PCR. Data represents the mean of 3 experiments performed in duplicate. (**E**) Western blot analysis for Id1 in H1299 cells with knockdown of a single type I BMP receptor or combination knockdown of alk2 and alk3, or all 3 BMP type I receptors. Studies were done at least 2 times. Studies show silencing more than one receptor is required to decrease Id1 expression. (**F**) Quantitative RT-PCR of the type I BMP receptors after knockdown of alk2 and alk3, or all 3 BMP type I receptors. Studies done 3 times in duplicate reported as percent of control. (**G**) H1299 cells were co-transfected with insertless vector, constitutively active alk3 (ca-alk3), or constitutively active alk6 (ca-alk6) expression vectors and the BRE-luciferase reporter. Cells were then treated with 1 µM DMSO or 1 µM BMP receptor antagonist for 24 hours and luciferace activity measured. Data demonstrates the mean of at least 3 independent experiments shown as the percent of control.](pone.0061256.g003){#pone-0061256-g003}

A second set of siRNA targeting each BMP type I receptor was used to further assess BMP signaling. These siRNA also caused a significant decrease in expression of the targeted receptor in the A549 and H1299 cells ([figure S3](#pone.0061256.s003){ref-type="supplementary-material"}). Examining the specificity of these siRNA also demonstrated that knockdown of a single receptor caused some downregulation of the other type I BMP receptors ([figure S3](#pone.0061256.s003){ref-type="supplementary-material"}). These data suggest that there is cross regulation between the different type I BMP receptors. Again, knockdown of a single type I BMP receptor was not sufficient to decrease Id1 expression in either the A549 and H1299 cells ([figure S3](#pone.0061256.s003){ref-type="supplementary-material"}). To further examine BMP receptor signaling, each receptor was silenced and Smad 1/5/8 activity determined using the BRE-luciferase assay. Silencing only one BMP type I receptor did not cause a decrease in Smad-1/5/8 activity ([figure S3](#pone.0061256.s003){ref-type="supplementary-material"}). By qRT-PCR, knockdown of all 3 type I BMP receptors in the A549 cells caused a significant reduction in the expression of Id1 ([figure S3](#pone.0061256.s003){ref-type="supplementary-material"}). The knockdown of all type I BMP receptors (alk2, alk3, and alk6) was confirmed by qRT-PCR ([figure S3](#pone.0061256.s003){ref-type="supplementary-material"}). Western blot analysis again showed that knockdown of a single receptor in the H1299 cells was not sufficient to decrease the expression of Id1 ([figure S3](#pone.0061256.s003){ref-type="supplementary-material"}). Consistent with our other set of siRNA, knockdown of alk2+ alk3 or alk2, alk3, and alk6 caused a reduction in protein expression of Id1 ([figure S3](#pone.0061256.s003){ref-type="supplementary-material"}). These data support that BMP signaling is mediated through more than one type I BMP receptor in lung cancer cell lines.

In the C2C12 mouse myoblast cell line, DMH1 inhibited alk2 and alk3 activity but was reported to have negligible inhibitory effects on alk6 [@pone.0061256-Hao1]. DMH2 is known to inhibit alk2 and LDN effectively inhibits alk2, alk3, and alk6 [@pone.0061256-Hao1]. To test receptor selectivity of DMH1, DMH2, and LDN in lung cancer cells, constitutively active alk3 (ca-alk3) or alk6 (ca-alk6) was co-transfected with the BRE-luciferace reporter into H1299 cells ([figure 3G](#pone-0061256-g003){ref-type="fig"}). DMH2 caused a greater reduction of alk3 activity than DMH1 and LDN in the H1299 cells. The BMP antagonists caused some inhibition of alk6 but less than that seen for alk3 ([figure 3G](#pone-0061256-g003){ref-type="fig"}).

Inhibition of BMP Type I Receptors Decreases Cell Growth {#s2d}
--------------------------------------------------------

Next, the effects of blocking BMP type I receptors on cell growth was examined by performing cell counts. BMP type I receptor antagonists caused a significant reduction in the number of cells after 7 days in both the A549 and H1299 cell lines ([figure 4A](#pone-0061256-g004){ref-type="fig"}). The selective BMP receptor antagonists caused a greater reduction in cell growth in the H1299 cells compared to A549 cells. DMH2 caused significantly more growth inhibition than DMH1 in both cell lines ([figure 4A](#pone-0061256-g004){ref-type="fig"}). To remove potential BMP ligands in the cell culture medium, the H1299 cells were cultured in serum free medium and treated with DMH2. DMH2 also caused significant inhibition of cell growth of H1299 cells cultured in serum free medium (SFM) ([figure 4B](#pone-0061256-g004){ref-type="fig"}), suggesting that BMP signaling may occurs in a self-autonomous manner. Proliferation was examined by determining bromodeoxyuridine (BrdU) incorporation. DMH2 caused a dose dependent decrease in proliferation of the H1299 cells within 24 hours ([figure 4C](#pone-0061256-g004){ref-type="fig"}) and a more profound effect was seen at 48 hours ([figure 4C](#pone-0061256-g004){ref-type="fig"}). Knockdown of all 3 type I BMP receptors (alk2, alk3, and alk6) in the H1299 cells also caused a significant decrease in BrdU incorporation ([figure 4D](#pone-0061256-g004){ref-type="fig"}). Knockdown of alk2, alk3, and alk6 using the second set of siRNA also caused a significant reduction of proliferation in the H1299 cells ([figure S3](#pone.0061256.s003){ref-type="supplementary-material"}). Quantitative RT-PCR showed that with this second set of siRNA targeting all 3 type I BMP receptors in the H1299 cells caused downregulation of alk2 and alk6 but not alk3 ([figure S3](#pone.0061256.s003){ref-type="supplementary-material"}). This suggests that inhibition of alk2 and alk6 is sufficient to decrease BMP signaling in H1299 cells.

![Antagonizing BMP type I receptors decreases cell growth, proliferation, and clonogenicity of lung cancer cell lines.\
(**A**) A549 and H1299 cells cultured in DMEM 5% FCS were treated with DMSO, 10 µM Dorsomorphin, 1 µM DMH1, 1 µM DMH2, or 1 µM LDN for 7 days and cell counts performed. (**B**) H1299 cells cultured in SFM were treated with 1 µM DMSO or 1 µM DMH2 for 7 days and cell counts performed. (**C**) BrdU incorporation of H1299 cells treated with DMSO or 1 µM or 5 µM DMH2 for 24 and 48 hours. (**D**) BrdU incorporation of H1299 cells transfected with siRNA targeting of all type I BMP receptors or siRNA control. (**C--D**) Data is the mean of 3 experiments in triplicate reported as the percent of control treated cells. (**E--G**) Colony growth of A549 and H1299 cells treated with 1 µM DMSO or 1 µM of selective BMP receptor antagonist. (**E**) Photograph of a representative experiment. (**F--G**) The data shows the mean of at least 3 independent experiments reported as the percent of control. (**G**) DMH1 decreases anchorage independent growth of lung cancer cell lines. A549 and H1299 cells in soft agar were treated with 1 µM DMS0 or 1 µM DMH1 for 2 weeks and the number of colonies counted. The data shown is the mean of 3 independent experiments reported as the percent of control.](pone.0061256.g004){#pone-0061256-g004}

BMP Type I Receptor Antagonists Decrease Clonogenic Growth {#s2e}
----------------------------------------------------------

The effect of BMP receptor antagonists on clonogenic cell growth was examined. DMH1, DMH2, and LDN all caused a significant reduction of clonogenic growth in both the A549 and H1299 cell lines ([figure 4E--G](#pone-0061256-g004){ref-type="fig"}). Clonogenic growth was inhibited more by DMH2 and LDN than DMH1 ([figure 4E--G](#pone-0061256-g004){ref-type="fig"}). To further assess the effects of DMH1 on clonogenic growth, anchorage independent growth was examined. DMH1 significantly reduced anchorage independent growth in both A549 and H1299 cells ([figure 4H](#pone-0061256-g004){ref-type="fig"}). These data show that basally active BMP signaling stimulates proliferation and enhances clonogenic growth of lung cancer cells.

Inhibition of BMP Type I Receptors Induces Cell Death {#s2f}
-----------------------------------------------------

The effect of BMP signaling on cell survival was examined. Cell death was quantified using an ethidium bromide uptake assay. Ethidium bromide is only taken up by cells that have lost membrane integrity, which occurs when cells are dying by necrosis or apoptosis [@pone.0061256-Leite1]. BMH2 induced cell death in the H1299 cells within 12 hours, and by 48 hours all of the antagonists caused a significant increase in the percentage of dead cells ([figure 5A](#pone-0061256-g005){ref-type="fig"}). Within 48 hours, Dorsomorphin, DMH1, and DMH2 caused a significant increase in cell death in the A549 cells ([figure 5B](#pone-0061256-g005){ref-type="fig"}). To further assess cell death, H1299 cells cultured in DMEM 5% FCS were treated with DMH2 for 4 days and the percentage of dead cells determined by Trypan Blue staining. DMH2 caused a significant increase in cell death, which was dose dependent ([figure 5C](#pone-0061256-g005){ref-type="fig"}). The percentage of dead cells was even higher in H1299 cells cultured in SFM ([figure 5D](#pone-0061256-g005){ref-type="fig"}). An amine-reactive fluorescent dye was used to detect cell death, which also showed that DMH2 induced cell death in the H1299 cells ([figure 5E](#pone-0061256-g005){ref-type="fig"}). To further verify that BMP antagonists induce cell death by inhibition of BMP signaling, triple knockdown of alk2, alk3, and alk6 receptors was performed. Knockdown of alk2, alk3, and alk6 receptors caused a significant increase in the percentage of dead cells in comparison to siRNA control treated cells ([figure 5F](#pone-0061256-g005){ref-type="fig"}). A second set of siRNA targeting alk2, alk3, and alk6 also caused a significant increase in the percentage of death cells ([figure S3](#pone.0061256.s003){ref-type="supplementary-material"}). These studies show that antagonizing the activity of the BMP type I receptors induces cell death in lung cancer cells.

![Inhibition of type I BMP receptors in lung cancer cell lines induces cell death.\
(**A--B**) H1299 and A549 cultured in DMEM 5% FCS were treated with DMSO or a BMP receptor antagonist (10 µM Dorsomorphin or 1 µM of selective antagonist). The percentage of cells that take up ethidium bromide was then determined. The data is reported as the mean of at least 3 independent experiments. (**C**) H1299 cells cultured in DMEM 5% FCS were treated with DMSO, 1 µM and μ5 M of DMH2 for 7 days, stained with Typan Blue, and cell counts performed. Data represents the mean of 4 experiments reported as the percent dead cells. (**D**) H1299 cells cultured in SFM were treated with DMSO or 1 µM of DMH2 for 7 days, stained with Typan Blue, and cell counts performed. Data represents the mean of 5 experiments reported as percent dead cells. (**E**) Cell death was determined using flow cytometry detecting uptake of an amine-reactive fluorescent dye in H1299 cells treated with DMS0 or DMH2 for 4 days. Data represent the mean of 3 independent experiments. (**F**) The H1299 cells were transfected with control siRNA and siRNA targeting alk2, alk3, and alk6. After 2 days the percentage of cells staining for ethidium bromide was determined. The data is reported as the mean of 6 independent experiments.](pone.0061256.g005){#pone-0061256-g005}

BMP Signaling is Regulated in a Self-autonomous Manner {#s2g}
------------------------------------------------------

The induction of cell death and growth suppression induced by BMP receptor antagonists of lung cancer cell lines growing in SFM suggested that BMP signaling occurs in a self-autonomous manner. Prior studies have shown that lung cancer cell lines produce the mature BMP2 protein, which is the active form [@pone.0061256-Langenfeld1]. To ensure that lung cancer cells secrete BMP2, an ELISA of the cell culture media was performed. BMP2 protein was not detected in DMEM with 5% fetal calf (FCS) or in serum free medium (SFM) ([figure 6A](#pone-0061256-g006){ref-type="fig"}). BMP2 was detected in the medium when lung cancer cell lines were cultured in either SFM or DMEM with 5% FCS ([figure 6A](#pone-0061256-g006){ref-type="fig"}). Since other BMPs could be in FCS, the effects of BMP receptor antagonists on the regulation of BMP signaling was examined in SFM. Phosphorylated Smad 1/5 and Id1 expression was detected in H1299 cells cultured in serum free medium ([figure 6B](#pone-0061256-g006){ref-type="fig"}). BMP type I receptor antagonists decreased pSmad 1/5 and Id1 expression of H1299 cells cultured in SFM ([figure 6B](#pone-0061256-g006){ref-type="fig"}).

![Lung cancer cell lines secrete BMP2 and knockdown of BMP2 decreases BMP signaling and induces cell death.\
(**A**) A BMP2 Elisa was performed on the DMEM 5% FCS and SFM in the absence of cells (medium). A BMP2 Elisa was performed on the DMEM 5% FCS and SFM cell culture medium containing A549 and H1299 cells for 48 hours. Experiments represent the mean of at least 5 experiments performed in triplicate. (**B**) BMP antagonists decrease BMP signaling of lung cancer cells cultured in SFM. H1299 cells cultured in SFM were treated with 1 µM DMSO, 1 µM of DMH2 or 1 µM of LDN for 48 hours and Western blot analysis performed. (**C**) Quantitative RT-PCR for BMP2 expression 48 hours after transfecting H1299 cells with control siRNA or siRNA targeting BMP2. Data represents the percent of control of the average of 4 independent experiments. (**D**) Western blot analysis of H1299 cells in SFM 48 hours after being transfected with control siRNA or siRNA targeting BMP2. BMP2 knockdown causes a decrease in expression of pSmad 1/5 and Id1. (**E**) Knockdown of BMP2 induces cell death. H1299 cells in SFM were transfected with control siRNA or siRNA targeting BMP2. After 48 hours the percentage of dead cells was determined by ethidium bromide staining. The data represents the mean of 4 independent experiments performed in triplicate.](pone.0061256.g006){#pone-0061256-g006}

To further examine self-autonomous signaling of the BMP signaling cascade, BMP2 expression was knocked down using siRNA. Quantitative RT-PCR showed that the siRNA targeting BMP2 caused a greater than 60% reduction in the expression of BMP2 ([figure 6C](#pone-0061256-g006){ref-type="fig"}). Knockdown of BMP2 of H1299 cells cultured in SFM caused a decrease in protein expression of phosphorylated Smad 1/5 and Id1 ([figure 6D](#pone-0061256-g006){ref-type="fig"}). BMP2 knockdown caused a significant increase in the percentage of dead lung cancer cells growing in SFM ([figure 6E](#pone-0061256-g006){ref-type="fig"}). These studies suggest that basal BMP activity of lung cancer cell lines is stimulated in a self-autonomous manner, which can be inhibited by antagonizing the BMP type I receptors.

Knockdown of Id1 and Id3 Decreases Cell Growth and Induces Cell Death {#s2h}
---------------------------------------------------------------------

Next, we examined whether Id1 and/or Id3 regulates cell survival and growth of lung cancer cells. Knockdown of Id1 using siRNA caused a reduction in the protein level of Id1 but not Id3 ([figure 7A](#pone-0061256-g007){ref-type="fig"}). Knockdown of Id3 caused a reduction of Id3 protein levels without effecting the expression of Id1 ([figure 7A](#pone-0061256-g007){ref-type="fig"}). Quantitative RT-PCR also showed a reduction in Id1 and Id3 respectively ([figure 7B](#pone-0061256-g007){ref-type="fig"}). Knockdown of Id1 or Id3 in H1299 cells caused a significant increase in the percentage of dead cells as determined by ethidium bromide staining ([figure 7C](#pone-0061256-g007){ref-type="fig"}). Cell counts using Trypan Blue staining showed that knockdown of Id1 decreased cell growth and induced cell death but did not reach statistical significance ([figure 7D,F](#pone-0061256-g007){ref-type="fig"}). Knockdown of Id3 did cause a highly significant decease in cell growth and induction of cell death when compared to controls ([figure 7D,F](#pone-0061256-g007){ref-type="fig"}). These studies suggest that reduction of Id expression is at least in part the mechanism by which BMP receptor antagonists induce cell death and decrease cell growth. In H1299 cells, Id3 may have a greater role in regulating BMP signaling than Id1.

![Id1 and Id3 regulate cell growth and survival of lung cancer cells.\
(**A**) Western blot analysis for Id1 and Id3 48 hours after H1299 cells were transfected with control siRNA and siRNA targeting Id1 or Id3. (**B**) Quantitative RT-PCR for Id1 and Id3 after H1299 cells were transfected with control siRNA and siRNA targeting Id1 or Id3**.** Data represents the percent control of the mean of 2 experiments. (**C**) H1299 cells were transfected with control siRNA or siRNA targeting Id1 or Id3. After 48 hours the percentage of cells staining for ethidium bromide was determined. The data is reported as the mean of 4 independent experiments. (**D--F**) H1299 cells were transfected with control siRNA and siRNA targeting Id1 or Id3. After 7 days the cells were stained with Trypan Blue and the number of alive and dead cells was determined. The data represents the percent change from siRNA control of (**D**) alive or (**F**) dead cells. (**E**) Represents the percentage of cells that were dead. The data represents the mean of 4 independent experiments.](pone.0061256.g007){#pone-0061256-g007}

Cells Overexpressing Id3 are Resistant to DMH2 {#s2i}
----------------------------------------------

To further define whether Id1 and Id3 mediate BMP signaling, Id1 and Id3 expression vectors were stably transfected into H1299 cells. Forced expression of Id1 caused an increase in protein expression of Id1 but not Id3 ([figure 8A](#pone-0061256-g008){ref-type="fig"}). Forced expression of Id3 caused an increase expression of Id3 but not Id1 ([figure 8B](#pone-0061256-g008){ref-type="fig"}). There was a small increase in actin expression in the H1299/Id3 cells. Since actin could be up regulated by Id3 overexpression, the expression of GAPDH was examined. By Western blot analysis demonstrated that GAPDH expression was the same between vector control cells and the H1299/Id3 cells. DMH2 caused a similar reduction in cell growth of the H1299/Id1 cells as compared to the vector control cells ([figure 8C](#pone-0061256-g008){ref-type="fig"}). DMH2 did not cause growth inhibition ([figure 8C](#pone-0061256-g008){ref-type="fig"}) or induce cell death ([figure 8D](#pone-0061256-g008){ref-type="fig"}) of the H1299/Id3 cells. These data further support that the biological effects mediated by BMP receptor antagonists involves Id proteins.

![Forced expression of Id3 prevents growth suppression and cell death induced by DMH2.\
H1299 cells were stably transfected with Id1 and Id3 expression vectors or the insertless vector. (**A--B**) Western blot analysis showing increased expression of (**A**) Id1 or (**B**) Id3 in the transfected cell line. (**C--D**) H1299/Id1 and H1299/Id3 cells were treated with 1 µM DMSO or 1 µM DMH2 for 7 days and the percent alive and dead cells determined. (**C**) DMH2 caused growth suppression of vector control and H1299/Id1 cells but not H1299/Id3 cells. (**D**) DMH2 induced cell death in the vector control cells (H/con) but not in the H1299/Id3 cells (H/Id3). The data represents the mean of at least 3 experiments reported as the percent of control treated cells. (**E**) DMH2 deceases cell growth of immortalized normal human bronchial epithelial cells (HBEC) but not human aortic endothelial cells (HAEC). Cell lines growing in SFM were treated with 1 µM DMSO or 1 µM DMH2 for 7 day and cell counts performed. Data represents the mean of at least 3 experiments reported as the percent of control treated cells. (**F**) Western blot analysis showing higher expression of pSmad 1/5 and Id1 in HBEC compared to HAEC. 1 µM of DMH2 for 48 hours decreased expression of pSmad 1/5 and ID1 in HBEC but not HAEC.](pone.0061256.g008){#pone-0061256-g008}

DMH2 Suppresses Growth of Normal Bronchial Epithelial Cells but not Endothelial Cells {#s2j}
-------------------------------------------------------------------------------------

The BMP2 signaling cascade is essential for early lung development with high expression in epithelial and vascular progenitors [@pone.0061256-Sountoulidis1]. At completion of lung morphogenesis BMP signaling declines with barely detectable expression in adult normal lung tissue [@pone.0061256-Langenfeld2], [@pone.0061256-Sountoulidis1], [@pone.0061256-Rosendahl1]. BMP signaling is re-activated in normal adult bronchial epithelial cells by inflammation and tissue injury [@pone.0061256-Sountoulidis1], [@pone.0061256-Rosendahl1]. To further define the specificity of BMP receptor antagonists, we examined whether normal human bronchial epithelial cells (HBEC) immortalized without viral oncoproteins [@pone.0061256-Ramirez1] and normal human aortic endothelial cells (HAEC) are responsive to DMH2. As expected DMH2 caused a significant reduction in the growth of H1299 cells (57%) and a similar reduction in HBEC (42%) ([figure 8E](#pone-0061256-g008){ref-type="fig"}). DMH2 caused only a 15% reduction in cell growth of HAEC ([figure 8E](#pone-0061256-g008){ref-type="fig"}). HBEC had a higher level of expression of pSmad 1/5 and Id1 than HAEC ([figure 8F](#pone-0061256-g008){ref-type="fig"}). DMH2 caused a reduction in the expression of pSmad 1/5 and Id1 in HBEC but not in the HAEC. BMP antagonists also decreased Id1 expression and induced growth inhibition of the normal human bronchial epithelial cells immortalized with SV40 large T antigen gene (BEAS-2B cells) [@pone.0061256-Ke1] ([figure S4](#pone.0061256.s004){ref-type="supplementary-material"} and data not show). These studies further support that the biological effects induced by antagonists of the type I BMP receptor is from the inhibition of the BMP signaling cascade.

Discussion {#s3}
==========

BMP family members are aberrantly expressed in many carcinomas including those arising from the lung, breast, prostate, ovarian, esophageal, and colon carcinomas [@pone.0061256-Kiesslich1], [@pone.0061256-Ye1]. BMP-2 is expressed approximately 17 fold higher in NSCLC compared to normal lung or benign lung tumors [@pone.0061256-Langenfeld2]. BMP-4, BMP-6, and GDF-5 are also expressed in NSCLC but less frequently and by a lower amount than BMP-2 [@pone.0061256-Langenfeld2]. BMP-2, BMP-4, and GDF-5 bind to alk3 and alk6 with high affinity [@pone.0061256-Nickel1]. BMP-6 and BMP-7 bind more efficiently to alk2 and alk3 [@pone.0061256-Nickel1]. BMP-2/4 can also signal through alk2 and BMP-6/7 through alk6 [@pone.0061256-Lavery1]. Activation of the BMP receptors occurs from secreted ligands. Preformed type I and type II BMP receptor oligomers can also activate BMP signaling independent of a ligand [@pone.0061256-Nohe1]. Knockdown of BMP2 caused a biological response suggesting it is a major regulatory ligand in NSCLC. Since there is other BMP ligands present in lung cancer and possibly preformed receptor oligomers, antagonists of the type I receptors may be a good strategy to inhibit BMP signaling in cancer. Because there is little to no activity of the BMP signaling cascade in the epithelial cells of normal lung tissue, with reactivation occurring in inflamed, damaged, or transformed bronchial epithelial cells, suggests that there is a therapeutic window to target the BMP signaling pathway in lung cancer.

Our data suggests that BMP signaling is mediated in lung cancer cells through multiple BMP type I receptors. We show that alk2, alk3, and alk6 are expressed in lung cancer cell lines. A prior report showed that alk3 and alk6 are expressed in NSCLC [@pone.0061256-Langenfeld1]. The expression of alk2 in primary NSCLC has not been reported. Knockdown of a single BMP type I receptor was not sufficient to inhibit BMP signaling and its regulation of the downstream target Id1. Silencing of more than one type I BMP receptors was required to inhibit BMP signaling in lung cancer cell lines. DMH2, which caused the greatest inhibition of alk3 and alk6, also induced the greatest reduction in the expression of Id1. DMH2 is also reported to be a potent antagonist of alk2 [@pone.0061256-Hao1]. In the H1299 cell line, inhibition of alk2 and alk3 was sufficient to reduce Id1 expression. There appeared to be cross regulation between the different receptors. Knockdown of alk2 and alk3 caused a reduction in expression of alk6. Knockdown of alk2, alk3, and alk6 also decreased Id1 protein expression in H1299 and A549 cells. These studies suggest that an antagonists targeting all function type I BMP receptors in cancer cells may cause the most significant suppression of BMP signaling. However, it is possible that an antagonist only targeting alk2 and alk3 could decrease alk6 expression leading to decreased BMP signaling. Since DMH2 is a selective BMP type I antagonist with very good in vitro activity it is an excellent candidate drug to study its efficacy in a lung tumor xenograft model.

Our studies support that the BMP signaling cascade is growth promoting in cancer. Antagonizing BMP type I receptors in lung cancer cell lines caused significant growth inhibition, decreased clonogenic growth, and induced cell death. BMPs having a growth-promoting role in cancer is consistent with its role as an essential growth enhancing morphogen during development [@pone.0061256-Lawson1] [@pone.0061256-Kishimoto1]. Prior studies suggesting that BMP signaling is growth suppressive or only has a minimal effect on cell growth may be explained by differences in study design [@pone.0061256-Tada1], [@pone.0061256-Soda1], [@pone.0061256-Beck1], [@pone.0061256-Miyazaki1]. Recombinant BMP proteins produce a transient response in cell lines and are known to induce the expression of BMP antagonists [@pone.0061256-Langenfeld5]. The induction of BMP antagonists may attenuate any potential for an enhanced mitogenic response. Our studies suggest that the knockdown of a single BMP receptor may not cause a sufficient inhibition of BMP signaling in some cell lines. Blocking the basal activity of all functional BMP type I receptors effectively decreases signaling and has provided a new insight into the role of BMP signaling in cancer.

We show that the basal BMP activity in lung cancer cell lines is an essential regulator of Id1, Id2, and Id3 expression. Since the Id family members promote tumorigenesis in so many types of cancers, inhibiting their expression may have important therapeutic implications. Our studies suggested a greater role for Id3 in regulating BMP induced cell growth and survival of lung cancer cells than Id1. However, the Id family member regulating growth and survival of cancer cells may be tumor dependent. Numerous studies have reported that Id1 regulates growth and survival of lung and other tumors. The stimulation of cell growth, invasion, and metastasis has been attributed to Id1, Id2, and Id3 [@pone.0061256-Shepherd1], [@pone.0061256-Gray1]. Id4 is thought to act as a tumor suppressor [@pone.0061256-Chen1], [@pone.0061256-Noetzel1], [@pone.0061256-Umetani1]. In breast cancer, silencing both Id1 and Id3 caused a significantly greater reduction in tumor initiation and lung colonization than knockdown of either Id1 or Id3 alone [@pone.0061256-Gupta1]. The Human Protein Atlas database ([www.proteinatlas.org](http://www.proteinatlas.org)) reports that Id1 is expressed more frequently in NSCLC than Id3. Therefore, the Id family mediating tumorigenesis may vary depending on which Id proteins are expressed.

Recent studies, using monoclonal antibodies, have suggested that the expression of Id family members is confined to a specific population of cancer cells. In breast cancer, Id1 and Id3 are expressed predominately in triple negative tumors (estrogen -, progesterone -, and Her2Neu-) [@pone.0061256-Gupta1]. Id1 is frequently over-expressed in NSCLC, occurring in 70% of squamous and 50% of adenocarcinomas [@pone.0061256-Rothschild1]. Id2 is also over-expressed in most NSCLC [@pone.0061256-Rollin1]. The expression of Id3 has not been published but The Human Protein Atlas database reports that it is expressed in 36% of NSCLC. It is not know whether Id family members are expressed in a specific cell population in lung carcinomas. Reports have suggested that specific population of cancer cells have the capacity to self-renew. Since BMP signaling and Id family members regulate self-renewal and cell fate decisions of stem cells, it will be of interest to determine there role in the regulation of cancer cells with stem cell like characteristics. Further studies are needed to better characterize the expression of Id family members in NSCLC and determine in an animal model whether expression correlates with a response to BMP receptor antagonists.

We show that antagonizing BMP type I receptors leads to cell death. The mechanism by which inhibiting BMP signaling induces cell death was not revealed but does involve the down regulation of Id family members. During develop BMP signaling inhibits apoptosis of stem cells [@pone.0061256-Yang1], [@pone.0061256-Zhang1], [@pone.0061256-Izumi1], [@pone.0061256-Sugimori1]. BMP2 has also been shown to decrease hypoxic cell death of breast cancer cells [@pone.0061256-Raida2]. Several studies have shown that Id1 inhibits apoptotic cell death of cancer cells [@pone.0061256-Li1], [@pone.0061256-Mern1], [@pone.0061256-Mern2], [@pone.0061256-Lin1]. We did not detect the induction of apoptotic cell death by BMP receptor antagonists in our study. It is possible that since the percentage of cells that died was low, we were not able to detect apoptotic cell death by Western blot analysis. Other causes of cell death such as caspase independent cell death, necrosis, senescence, autophagy, and mitotic catastrophe are other potential mechanisms induced by BMP receptor inhibition [@pone.0061256-Okada1].

The BMP signaling cascade is an essential regulator of the basal expression of Id family members in lung cancer cell lines. Our studies show that BMP signaling promotes cell growth, survival, and clonogenicity of lung cancer cells, which involves the regulation of Id family members. The growth promoting effects of BMP signaling can be inhibited by specific small molecule antagonists of the type I BMP receptors. BMP receptor antagonists may represent a novel means to treat lung and other cancers that depend on the BMP and/or Id family members to sustain tumor viability.

Materials and Methods {#s4}
=====================

Plasmids {#s4a}
--------

Constitutively active alk3 and alk6 constructs in mammalian vectors were a gift from Joan Massague (New York, New York) [@pone.0061256-Zou1]. BRE-luciferase plasmid containing Smad 1/5/8 binding sites derived from the Id1 promoter [@pone.0061256-Korchynskyi1] was a gift from Isaak Kim (UMDNJ Medical School). The Id expression vectors (PLXSN Id-1), (PLXSN Id-3) and control vector (PLXSN) was a gift from Pierre Desprez (California Pacific Medical Center).

Cell Culture and Reagents {#s4b}
-------------------------

The cell lines, A549 and H1299 lung cancer cell lines were cultured in Dulbecco's Modified Eagle's medium (DMEM, Sigma Aldrich, St Louis, MO, USA) with 5% fetal bovine serum (FBS) containing 1% penicillin/streptomycin, and 1% glutamine. The A549 and H1299 cell lines were obtained from ATCC. Human bronchial epithelial cells immortalized with cyclin dependent kinase 4 (CdK4) and human telomerase reverse transcriptase (hTERT) [@pone.0061256-Ramirez1] or SV40 large antigen [@pone.0061256-Ke2] were cultured in SFM. Human aortic endothelial cells (Invitrogeon) were also cultured in SFM. Cells were kept in a humidified incubator with 5% CO2 at 37°C [@pone.0061256-Langenfeld6]. Serum free medium (LHC-9, Life Technology, Grand Island, MI) was also used in specified experiments. In experiments using SFM, medium containing FCS was replaced with SFM approximately 24 hours prior to the experiment. Dorsomorphin (compound C) was purchased from Sigma. Dorsomporphin analogues DMH1, DMH2, and LDN were a kind gift from Charles Hong (Vanderbelt University). Dorsomorphin is a small molecule antagonist of the BMP type I receptors [@pone.0061256-Yu1]. Dorsomorphin analogues DMH1, DMH2, [@pone.0061256-Hao2] and LDN [@pone.0061256-Yu2] are more specific and potent antagonists of the type I BMP receptors. LDN has less activity toward AMP kinase than Dorsomorphin (32). DMH1 and DMH2 are even more specific analogues that have less activity toward VEGF II, AMP kinase, TGFβ receptor alk5, and platelet-derived growth factor receptor-β than Dorsomorphin and LDN (33).

Quantification of Gene Expression {#s4c}
---------------------------------

RNA was extracted using the RNeasy kit as per the manufacturer\'s instructions (Qiagen, Valencia, CA). DNAase was used to remove any DNA contamination. cDNA was generated using Advantage RT for PCR kit (BD BiosciencesClontech, Palo Alto, CA). Quantitative PCR was performed with the Stratagene Mx3005p (Agilent Technologies) and predesigned validated Taq-Man gene expression assays according to the manufacturer's specifications (Applied Biosystems, Foster City, CA). Reference numbers used are: GAPDH (Hs99999905_m1), ACVRL1 (alk1) (Hs00163543_m1), ACVR1A (alk2) (Hs00153836_m1), BMR1A (alk3) (Hs00831730_s1), BMPR1B (alk6) (Hs00176144_m1), Id1 (Hs00357821_g1), Id2 (Hs00747379_m1), and Id3 (Hs00171409-m1). Primers for BMP2 were (F)-5-CCT-GAG-CGA-GTT-CGA-GTT-G-3 and (R) 5-CAC-TCG-TTT-CTG-GTA-GTT-C-3. Syber green was used for BMP2 primers (Qiagen, Germantown, MD). Negative control included all reagents except cDNA. Expression was normalized to GAPDH or actin using the formula 2^Δ\ CT^.

Transient Gene Knockdown {#s4d}
------------------------

Two sets of Silencer Select Validated and Pre-designed siRNA were used to target the type I BMP receptors alk2, alk3, and alk6 (Life Technologies). The ID numbers to the first set of siRNA are: alk2 (s974-validated), alk3 (s281-Pre-designed), alk6 (s2042-Pre-designed). The siRNA ID numbers for the second set of siRNA are: alk2 (s975-validated), alk3 (s280-Pre-designed), and alk 6 (s2041-Pre-designed). Silencer Select ID numbers used for Id1 and Id3 knockdowns are: Id1 (s7106- Pre-designed), Id3 (s7111-Pre-designed). The Id number for BMP2 is s2020 (Pre-designed). Silencer Select Negative Control siRNA (4390843) was used to confirm specificity of each targeted knockdown.

A549 and H1299 cells were transfected with siRNA using a Nucleofector II (Amaxa Biosystems, Gaitherburg, MD) using the manufacture's Nucleofector kit T. Optimization was performed using the enhanced green fluorescent reporter (EGFP) (Clontech) expressed in the pcDNA 3.1 vector (Invitrogen), which showed approximately 80% of the cells were transfected using this transfection protocol. A total of 30 nM of siRNA was used for alk2 and alk3. For alk6, Id1, Id3, and BMP2 a total of 20 nM of siRNA was used. An equal amount of control siRNA was used in each experiment. The siRNA was delivered to 1×10^6^ A549 and H1299 cells and cultured for 48 hours in DMEM with 5% FCS. BMP receptors and Id1 expression was measured by qPCR.

Western Blot Analysis {#s4e}
---------------------

Total cellular protein was prepared using RIPA buffer containing a protease inhibitor cocktail and protein concentration was measured using the BCA assay as described [@pone.0061256-Langenfeld1]. In brief, protein was analyzed by SDS-PAGE, transferred to nitrocellulose (Schleicher and Schuell, Keene, NH). After blocking, the blots were incubated overnight at 4°C with the appropriate primary antibody in Tris-buffered saline with 1% Tween (TBST) and 5% non-fat milk. Secondary antibodies were applied for 1 hour at room temperature. Specific proteins were detected using the enhanced chemiluminescence system (Amersham, Arlington Heights, IL). The primary antibodies that were used were rabbit monoclonal anti-pSmad 1/5/8 (Cell signaling Technology, Danvers MA) rabbit anti-actin, an affinity isolated antigen specific antibody (Sigma, Saint Louis, MO), rabbit monoclonal anti-Id1 and rabbit monoclonal anti-Id3 (Calbioreagents, San Mateo, CA).

Luciferase Assay {#s4f}
----------------

10^6^ H1299 cells were transfected with 2 µg of BRE-luciferace plasmid using a Nucleofector II. Fourty-eight hours later the cells were treated with DMSO or a BMP receptor antagonist and cell lysates were harvested 24 hours after treatment. Cells were lysed with luciferase lysis buffer (Promega). Samples were added to luciferase assay substrate (Promega) and luminsescence measured by the TD-20/20 Luminometer (Turner Designs/Turner BioSystems, Sunnyvale, CA). Control samples included luciferase assay substrate alone and luciferase assay substrate plus 1× reporter lysis buffer.

To assess the effects of antagonists on a specific type I BMP receptor, 2 µg of constitutively active ca-alk3 and ca-alk6 expression vectors were co-transfected with the BRE-luciferase reporter into H1299 cells with Nucleofector II. Control cells were co-transfected with the pcDNA3 expression vector. After 48 hours the cells were treated with DMSO or a BMP receptor antagonist for 48 hours and luminescence was measured.

To examine the effects of knockdown of a single type I BMP receptor on Smad 1/5/8 activity, H1299 cells were co-transfected with siRNA targeting alk2, alk3, or alk6 together with the BRE-luciferase reporter. Luminescence was measured 48 hours after transfection.

Cell Death Assay {#s4g}
----------------

A549 and H1299 cells were plated in 6 well plates with 10^6^ cells per well. Cells were treated with DMSO or a BMP receptor antagonist for 12 and 48 hours. Adherent and floating cells were harvested and incubated with 0.1 mg/ml of ethidium bromide. Immediately after staining approximately 100 cells were counted and the percentage of cells that took up ethidium bromide was determined.

Cell death was also determined using the LIVE/DEAD fixable dead cell stain kit as per manufacturer's instructions (Life Technologies, L-23101). This assay employs an amine-reactive fluorescent dye, which in compromised membranes the dye reacts with free amines on the cell interior in dead cells. H1299 cells were treated with DMH2 for 48 hours and the percentage of dead cells then detected by flow cytometry.

Cell death was also determined by treating H1299 cells, cultured in DMEM 5% FCS, with DMSO, DMH2 1 µM, and DMH2 5 µM for 7 days, floating and adherent cells were stained with Trypan Blue and cell counts performed. The percentage of live and dead cells was then determined. Cell counts and Trypan Blue staining was also done on 1299 cells cultured in SFM and treated with 1 µM DMSO or 1 µM DMH2 for 7 days.

Knockdown of all type I BMP receptors was performed in the H1299 cells by transfecting siRNA for alk2, alk3, and alk6 or control siRNA. Two days after the transfection the cells were harvested and the percentage of cells staining for ethidium bromide was determined.

Apoptosis {#s4h}
---------

To detect apoptosis H1299 cells were treated with DMSO or 1 µM DMH2 for 24, 48, and 72 hours. The cleaved activated Caspase-3 fragment was assessed by Western Blot analysis (Cell Signaling). Cells treated with Staurosporine were used as a positive control. Morphological changes of apoptosis such as cell shrinkage and chromatin condensation was examined by video microscopy of H1299 cells treated with 1 µM of LDN, DMH1, or DMH2 between 24 to 48 hours following treatment.

Clonigenic Growth Assay {#s4i}
-----------------------

A549 and H1299 cells were plated into 6 well plates with 500 cells per well. The next day the cells were treated with DMSO or a BMP receptor antagonist for 2 weeks. The colonies were stained with Diff-Quick (IMEB Inc. San Marcos, CA) and the total number of colonies per well counted.

Cell Counts {#s4j}
-----------

A549 and H1299 cells were plated into 6 well plates with 100,000 cells per well. Cells were treated with DMSO or a BMP receptor antagonist for 7 days. The cells were detached with trypsin, stained with trypan blue, and the number of live cells counted using a hemacytometer.

BrdU Assay {#s4k}
----------

Thirty-thousand H1299 cells were plated into 96 well plates. The next day the cells were treated with 1 µM DMSO, 5 µM DMSO, 1 µM DMH2, or 5 µM DMH2 for 24 and 48 hours. BrdU incorporation was measured using the Cell Proliferation ELISA, BrdU colorimetric kit as per manufacture's instruction (Roche, Indianapolis, OH). Cells were incubated with BrdU labeling solution for 2 hours, fixed/denatured, and BrdU located with a peroxidase-conjugated anti-BrdU antibody. Knockdown of all type I BMP receptors were performed in the H1299 cells by transfecting siRNA for alk2, alk3, and alk6 or control siRNA. Three days after transfection BrdU incorporation was determined. Studies were performed 4 times in triplicate.

Soft Agar Assay {#s4l}
---------------

A 1% agar mixture was prepared in sterile double-distilled water, microwaved, and cooled to 40°C in a water bath. DMEM was also incubated at 40°C. Equal amounts of each were mixed and 1 ml added to each well of a six well plate. The base agar was allowed to solidify. A 0.7% agar mixture was prepared then cooled to 40° degrees. Cells were trypsinized and counted. Cells (2500 cells per well) were placed in pre-warmed DMEM containing DMSO or DMH1 (1 µM/ml). The treated cells were then mixed with the 0.7% agar and 2 ml placed on top of the base agar. Once solidified, 1 ml of DMEM was placed on top of the agar. Colonies were counted four weeks later using a microscope.

BMP2 Elisa {#s4m}
----------

H1299 and A549 cells were seeded into 6 well plates in duplicate at 150,000 cells/well. The cells were incubated for 4 days in either DMEM 5% FCS or SFM. Cell culture medium as also placed into wells that did not contain cells. The medium was collected and BMP2 Elisa performed as per manufacture's instructions (PeproTech, Rocky Hill, NJ).

Statistical Analysis {#s4n}
--------------------

The mean of the control group was compared to the mean of each treated group using a paired student t-test assuming unequal variances. Differences with p values ≤.05 were considered statistically significant.

Supporting Information {#s5}
======================

###### 

**DMH2 decreases phosphorylated Smad 1/5/8 expression in A549 cells.** Western blot analysis for pSmad 1/5/8 on A549 cells treated with 1 µM DMSO, DMH1 or DMH2 for 12, 24, and 24 hours.

(TIF)

###### 

Click here for additional data file.

###### 

**Dorsomorphin and LDN decrease protein expression of Id1 and Id3.** Western blot analysis for Id1 and Id3 on A549 cells treated with 10 µM Dorsomorphin or 1 µM LDN for 24 and 48 hours.

(TIF)

###### 

Click here for additional data file.

###### 

**Knockdown of multiple BMP type I receptors using a second set of siRNA decreases BMP signaling, decreases proliferation, and induces cell death.** **(A--B)** A549 and H1299 cells were transfected with siRNA targeting each type I BMP receptor and quantitative RT-PCR was performed for that BMP receptor. **(C)** Knockdown of each BMP type I receptor in H1299 cells was performed and quantitative RT-PCR performed for all 3 type I receptors. **(D--E)** A549 and H1299 cells were transfected with siRNA targeting a single type I BMP receptor or siRNA control. After 48 hours quantitative RT-PCR was performed for Id1. **(F)** H1299 cells were co-tranfected with BRE-luciferase reporter and siRNA for a single type I BMP receptor. After 48 hours luciferace activity was measured. **(G)** Knockdown of all type I BMP receptors was performed in A549 cells. Quantitative RT-PCR showed significant reduction in Id1 expression. **(H)** Quantitative RT-PCR shows a reduction of all 3 BMP type I receptors. **(I)** Western blot analysis for Id1 in H1299 cells with knockdown of a single type I BMP receptor or combination knockdown of alk2 and alk3, or all 3 BMP type I receptors. Studies show silencing more than one receptor is required to decrease Id1 expression. **(J)** Transfection of H1299 cells with siRNA targeting all type I receptors causes significant reduction of alk2 and alk6 with a corresponding significant reduction in **(K)** proliferation and **(L)** induction of cell death. **(B,C,D,E,G,H,J,K)** Data represents the mean of at least 3 experiments reported as the percent of control treated cells. **(F,L)** Data represents the mean of at least 3 experiments.

(TIF)

###### 

Click here for additional data file.

###### 

**Western blot analysis showing immortalized normal human bronchial epithelial (BEAS-2B) cells treated with BMP receptor antagonists causes a significant reduction in the expression of Id1 and Id3.**

(TIF)

###### 

Click here for additional data file.
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